Introduction {#s1}
============

Colorectal carcinoma (CRC) represents one of the most common types of cancer worldwide [@pone.0061435-Tanaka1]. The development of CRC typically results from both genetic and environmental factors. Stress, as one of the environmental factors, is linked to the occurrence and progression of CRC [@pone.0061435-Courtney1]. The stress response is a complex process that can protect the organisms from the potential threat and initiate a cascade of reactions, including activation of the sympathetic nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) axis [@pone.0061435-Glaser1], [@pone.0061435-Antoni1], [@pone.0061435-Thaker1].

The catecholamines epinephrine (E) and norepinephrine (NE), which are known as the classic stress hormones, are synthesized by the adrenal medulla and the nerves of the SNS. Both E and NE are elevated in individuals with acute or chronic stress [@pone.0061435-Schmidt1], [@pone.0061435-Rupp1]. Once chronically elevated, these stress hormones have been shown to increase tumor cell proliferation [@pone.0061435-Vandewalle1], [@pone.0061435-Marchetti1], [@pone.0061435-Badino1], adhesion [@pone.0061435-Enserink1], migration [@pone.0061435-Masur1], [@pone.0061435-Lang1], and invasion [@pone.0061435-Sood1].

Epidemiological studies have demonstrated that distress in cancer patients might be associated with increased cancer progression [@pone.0061435-Reiche1], [@pone.0061435-Kojima1]. Conversely, social support has been shown to lengthen cancer patient survival [@pone.0061435-Allison1], [@pone.0061435-Reynolds1]. Experimental animal studies have demonstrated the effects of stress on tumor growth. For instance, immobilization stress has been shown to increase the incidence and tumor growth of chemically induced liver cancer in rats [@pone.0061435-Laconi1]. Stress has also been shown to promote mammary tumor development [@pone.0061435-Steplewski1], [@pone.0061435-BenEliyahu1] and ovarian cancer growth and angiogenesis [@pone.0061435-Thaker2] in animal models.

Previous studies have demonstrated that the stress hormones E and NE, via their specific adrenoceptors (ARs), promote cancer cell proliferation [@pone.0061435-Thaker2], [@pone.0061435-Schuller1], [@pone.0061435-Weddle1], [@pone.0061435-Schuller2], [@pone.0061435-Palm1], [@pone.0061435-Wong1], migration, and invasion [@pone.0061435-Masur1], [@pone.0061435-Zhang1], as well as tumor growth, by enhancing angiogenesis [@pone.0061435-Thaker2]. However, if chronic stress can enhance CRC tumor growth, the underlying mechanism remains to be determined.

In this work, we studied the effect of CRS on CRC cell growth in nude mice and investigated the underlying mechanisms. The present study provides additional insights into understanding the pathogenesis of CRC, particularly in relation to chronic stress.

Materials and Methods {#s2}
=====================

Drugs and antibodies {#s2a}
--------------------

Epinephrine (E), norepinephrine (NE), corticosterone (CORT), isoproterenol (ISO, nonselective β-AR agonist), phentolamine (PHE, nonselective α-AR antagonist), propranolol (PRO, nonselective β-AR antagonist), atenolol (ATE, specific β1-AR antagonist), ICI 118,551 (ICI, specific β2-AR antagonist) and U0126 (specific ERK1/2 inhibitor) were purchased from Sigma (St. Louis, MO, USA). The following antibodies were used: monoclonal antibody specific for β1-AR from Bioworld Technology (St. Louis Park, MN, USA), polyclonal antibody specific for β2-AR from AbCam Biochemicals (Cambridge, UK), total ERK1/2 and phospho-ERK1/2 antibodies from R&D Systems (Minneapolis, MN, USA), anti-PCNA antibody from Proteintech Group (Chicago, IL, USA), anti-Ki-67 antibody from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and anti-GAPDH antibody (glyceraldehyde-3-phosphate dehydrogenase) from Cell Signaling Technology (Danvers, MA, USA).

Cell culture, proliferation and viability assays {#s2b}
------------------------------------------------

The human CRC HT29, SW116 and LS174T cell lines were obtained from American Type Culture Collection (Manassas, VA, USA). HT29 cells were cultured in McCoy\'s 5A medium from Gibco, Life Technologies (Grand Island, NY, USA), and the other cell lines were grown in RPMI-1640 from Gibco, Life Technologies (Grand Island, NY, USA). For cell growth, the media were supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin, 100 µg/ml streptomycin). Cells were maintained in an incubator at 37°C and in a humidified atmosphere containing 5% CO~2~. For the experiments on cell proliferation and viability, 5×10^3^ cells per well were seeded in 96-well plates. The medium was supplemented with antibiotics plus 1% FBS for cell attachment, and then, the cells were starved in serum-free medium for another 12 hours to synchronize the cell cycle. Different concentrations of E or NE (0, 0.1, 1, 10 µM) were then incubated with the CRC cells for 24 hours to study the growth-promoting effect of the hormones. To examine the effects of various inhibitors, the cells were pretreated with or without PHE (50 µM), PRO (50 µM), ATE (50 µM), ICI (50 µM) or U0126 (20 µM) for 45 min prior to E or NE treatment. Cell proliferation was indicated by the amount of DNA synthesis measured with the BrdU incorporation assay kit from Roche Applied Science (Nutley, NJ, USA), according to the manufacturer\'s instructions. Briefly, cells were labeled with 10 µl/well BrdU and incubated at 37°C for 4 hours. After removal of the labeling medium, the cells were fixed and probed with the anti-BrdU monoclonal antibody at 25°C for 2 hours and its substrate tetramethyl-benzidine (TMB) at 25°C for 30 min. After removal of the unconjugated antibody, the cells were rinsed 3 times with the washing solution and treated with 300 µl/well substrate solution. After color development, 1 M H~2~SO~4~ was added (25 µl/well) to stop the substrate reaction, and the absorbance of each sample was measured in an enzyme-linked immunosorbent assay (ELISA) microplate reader at 450 nm. A blank was run in each experiment to account for nonspecific binding to the anti-BrdU antibody. The value from the nonspecific binding was subtracted from all other values. For cell viability, a Cell Counting Kit-8 (CCK-8) from Dojindo Laboratories (Kumamoto, Japan) was used to determine CRC cell survival after E/NE treatments, according to the manufacturer\'s instructions. Cell counting was performed based on trypan blue exclusion.

CRS model {#s2c}
---------

Ten- to 12-week-old female athymic BALB/c nude mice were obtained from the Animal Center of the Chinese Academy of Science and were maintained in the division of laboratory animal science at Shanghai Jiaotong University School of Medicine (SJUSM). The mice were habituated to vivarium conditions for 1 week before initiating the stress procedures. We utilized a CRS model procedure established in our laboratory and others [@pone.0061435-Thaker2], [@pone.0061435-Rivera1], [@pone.0061435-Yin1], [@pone.0061435-Yin2], [@pone.0061435-Sheridan1]. Briefly, the mice were restrained horizontally in 50 ml conical centrifuge tubes that were drilled with holes to allow for ample ventilation; the tubes were small enough to restrain mice so that they were able to breathe but unable to move freely. With this system, the mice were stressed daily for 6 h between 9:00 a.m.--3:00 p.m. During the rest period, the mice were provided with food and water ad libitum. We used only female nude mice because male nude mice were believed to be already under stress from caging with their mates [@pone.0061435-Palm1]. All efforts were made to minimize the number of animals used and their suffering.

Tumor induction {#s2d}
---------------

Cells were harvested from subconfluent cultures by a brief exposure to 0.25% trypsin in 0.02% EDTA, suspended in phosphate-buffered saline (PBS) and tested for \>95% viability by trypan blue exclusion. The mice were randomized to two treatment groups: (1) no-stress control group and (2) CRS group. A total of 2×10^6^ HT29 or SW116 cells were implanted subcutaneously (s.c.) into the right flanks of nude mice 7 d after starting the stress treatment under sterile conditions. The stress procedure continued for another 21 d. Body weights were monitored throughout the experiment. The mice were sacrificed 21 d after tumor cell injection, and the tumors were harvested and weighed.

For the stress hormone E stimulation, 4 d after HT29 cell (2×10^6^) injection, we subcutaneously inserted microosmotic pumps (Alzet model 1002, Durect, Cupertino, CA,USA) filled with PBS containing different concentrations of E (0, 0.02 mg/kg, and 2 mg/kg) into the backs of nude mice for 2 weeks.

For the adrenoceptor (AR)-blockade, the nude mice were randomized to four treatment groups: (1) control PBS, (2) control PHE (2 mg/kg/d) + PRO (2 mg/kg/d), (3) CRS PBS and (4) CRS PHE (2 mg/kg/d) + PRO (2 mg/kg/d). The microosmotic pumps containing a combination of PHE and PRO, as well as 0.2% ascorbic acid as a preservative, were inserted into the nape of the neck 7 d before stress initiation [@pone.0061435-Thaker2]. HT29 cells were inoculated s.c. into the right flanks of nude mice 7 d after initiating stress. The mice were sacrificed 14 d after tumor cell injection.

To further determine the involvement of β-AR in the tumor-induction process, 7 d after HT29 cell injection, the pumps were filled with PBS containing E (0.02 mg/kg), a combination of E and ATE (5 mg/kg), or a combination of E and ICI (5 mg/kg), as well as ascorbic acid as a preservative, into the backs of nude mice for 2 weeks. The pumps of the control group were filled with PBS and ascorbic acid. All tumors from the various treatment groups were excised and fixed in 10% formalin. They were then either paraffin embedded or frozen in liquid nitrogen and stored at −80°C until further analysis.

Measurement of E and NE Levels {#s2e}
------------------------------

Blood samples from the nude mice were collected and centrifuged for 15 min at 4,000 g and 4°C. The resultant plasma was kept at −80°C until analysis. E and NE levels were measured using an enzyme immunoassay kit from DRG International (Austin, TX, USA) according to the manufacturer\'s instructions, as previously described by Guo et al. [@pone.0061435-Guo1]. Absorbance was measured with the microplate reader at 450 nm. The plasma concentrations of E and NE were expressed as nanograms per milliliter (ng/ml) of plasma.

Western blotting {#s2f}
----------------

The cells were treated as indicated, and cell lysates were prepared with a cell lysis buffer (20 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β--glycerolphosphate, 1 mM Na~3~VO~4~, and 1 µg/ml leupeptin) with 1 mM phenylmethylsulfonyl fluoride added before use. Equal amounts of protein were resolved by 10% SDS-PAGE, transferred to a nitrocellulose membrane from Amersham Corporation (Pittsburgh, PA,USA), blocked in 5% skimmed milk in TBS-T (0.1% Tween 20 in Tris-buffered saline), probed with primary antibodies overnight at 4°C and incubated for 1 hour with secondary peroxidase-conjugated antibodies from Jackson ImmunoResearch(West Grove, PA, USA)(1∶5000) at room temperature. The membranes were developed with an enhanced chemiluminescence system from Pierce Biotechnology Inc. (Rockford, IL, USA). GAPDH was probed as an internal control.

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) {#s2g}
--------------------------------------------------------

Total RNA was isolated from CRC cells using the TRIzol Reagent according to the manufacturer\'s instructions from Invitrogen, Life Technologies (Grand Island, NY, USA). First-strand cDNAs were synthesized by M-MLV reverse transcriptase from Fermentas, Thermo Fisher Scientific, Inc. (Waltham, MA, USA) and subjected to PCR by specific primers for the human β1-AR (ADRB1) gene (forward, 5′- CTCCTTCTTCTGCGAGCTGTGGA -3′; reverse, 5′- ATGAGGATGGGCAGGAAGGACA -3′), β2-AR (ADRB2) gene (forward, 5′-CATGTCTCTCATCGTCCTGGCCA-3′; reverse, 5′- CACGATGGAAGAGGCAATGGCA-3′) and β3-AR (ADRB3) gene (forward, 5′- GCCCAATACCGCCAACAC-3′; reverse, 5′-GCCAGCGAAGTCACGAACAC-3′). The PCR conditions for β1-AR included an initial incubation at 94°C for 12 min, followed by 38 cycles of 94°C for 1 min, 60°C for 3 min, and 72°C for 1 min. The PCR conditions for β2-AR included an initial incubation at 94°C for 12 min; 38 cycles of 94°C for 1 min, 60°C for 2 min, and 72°C for 3.5 min; and a final incubation at 72°C for 5 min. The PCR conditions for β3-AR included an initial incubation at 95°C for 2 min; 34 cycles of 95°C for 30 seconds, 56°C for 30 seconds, and 72°C for 1 min; and a final incubation at 72°C for 5 min. The PCR products were visualized on a 1.2% agarose gel stained with ethidium bromide.

Immunohistochemical staining {#s2h}
----------------------------

After euthanizing the nude mice at the end of the experiments, tumor tissues were harvested, fixed in 10% neutral-buffered formalin, embedded in paraffin and sectioned at 5 µm. For immunohistochemical staining, the sections were deparaffinized and rehydrated, and then, antigen retrieval was performed by boiling the samples in a citrate buffer for 15 min at 92 °C--98 °C. The sections were immersed in distillated water containing 3% hydrogen peroxide for 30 min to block endogenous peroxidase activity. Nonspecific staining was eliminated with normal goat serum from Invitrogen, Life Technologies (Grand Island, NY, USA). The sections were incubated with the primary antibodies against PCNA, Ki-67, or phospho-ERK1/2 at 37 °C for 2 hours and then washed three times for 20 min each with PBS containing Tween-20. The sections were incubated with biotin-labeled secondary antibodies, followed by incubation with an avidin-biotin complex (ABC) from DAKO (Denmark) for 30 min at 37 °C. The nuclei were counterstained with hematoxylin. The remaining immunohistochemical staining procedures were performed following the manufacturer\'s instructions. The slides were quantified using the Image-Pro Plus software from Media Cybernetics (Rockville, MD, USA), as previously described by Augsten et al. [@pone.0061435-Augsten1].

Statistical analysis {#s2i}
--------------------

If normally distributed, continuous variables between two groups were compared with Student\'s t test, whereas comparisons between three or more groups were performed with one-way analysis of variance (ANOVA) followed by Tukey\'s test. Otherwise, nonparametric tests, such as Tukey\'s test, if appropriate, were used to compare the differences. P values less than 0.05 were considered to be statistically significant.

Ethics statement {#s2j}
----------------

All animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals (the \"NIH Guide\"). The protocols for the use of animals were approved by the Department of Laboratory Animal Sciences, SJUSM (permit numbers SYXK (Hu) 2008 0050).

Results {#s3}
=======

Effect of CRS on CRC growth in vivo {#s3a}
-----------------------------------

We first examined the effect of CRS on tumor growth in vivo. HT29 or SW116 cells were inoculated into nude mice 7 d after the initiation of CRS, as described in the [Materials and Methods](#s2){ref-type="sec"} section. Twenty-one days after tumor cell inoculation, CRS treatment significantly increased tumor weight ([Fig. 1A, B, D and E](#pone-0061435-g001){ref-type="fig"}) and tumor size ([Fig. 1C and F](#pone-0061435-g001){ref-type="fig"}) in both HT29-inoculated and SW116-inoculated nude mice. To investigate whether the proliferation of tumor cells was increased by CRS, we quantified the number of PCNA-positive cells. PCNA immunostaining of tumor tissues from both the control and CRS groups revealed that CRS promoted HT29 cell growth in nude mice ([Fig. S1B](#pone.0061435.s001){ref-type="supplementary-material"}). To further confirm this result, we also performed immunostaining of Ki-67 and found results comparable to those of the PCNA experiment ([Fig. S2B](#pone.0061435.s002){ref-type="supplementary-material"}).

![Effect of CRS on CRC growth in vivo.\
Mice were injected subcutaneously (s.c.) with CRC HT29 cells (2×106) in the dorsal flank 7 d after starting the stress treatment. Daily CRS treatment was continued for an additional 21 d. Mean tumor weight (A), individual tumor weight (B) and representative tumor images (C) from the CRS group and the no-stress control group are shown (\* P = 0.028; n = 16--17; symbols represent individual mice; for each treatment group, the mean ± SD of three independent experiments is shown). The same experimental protocol was applied to mice inoculated with SW116 cells. Mean tumor weight (D), individual tumor weight (E) and representative tumor images (F) are shown (\* P = 0.021; n = 20; symbols represent individual mice; for each treatment group, the mean ± SD of three independent experiments is shown).](pone.0061435.g001){#pone-0061435-g001}

Effect of CRS on E and NE levels and on heart, liver, spleen and body weights {#s3b}
-----------------------------------------------------------------------------

To confirm that our CRS protocol did produce stress to the mice, we determined the plasma concentrations of the stress hormones E and NE in nude mice subjected to CRS for 1, 3, 7, or 14 days after tumor cell inoculation. We found that CRS increased both E and NE concentrations but did so over different time courses ([Fig. 2A and B](#pone-0061435-g002){ref-type="fig"}). At the end of the experiments, however, there was no significant difference in body weight between the CRS mice and the no-stress control mice ([Fig. S3](#pone.0061435.s003){ref-type="supplementary-material"}), indicating that the physical health condition of the animals was not different between the groups.

![Effect of CRS on E and NE levels and on heart, liver, spleen weights and adrenal size.\
After 1 week of habituation to the vivarium setting, animals received 1, 3, 7, or 14 d of CRS for 6 h daily, after which E (A) and NE (B) levels were assayed by ELISA, as described in [Materials and Methods](#s2){ref-type="sec"} section (\*\* P = 0.003, \*\*\* P\<0.001, significantly different from the no-stress control group; n = 3; for each time point, the mean ± SD is shown). Adrenal size (C) (mm^2^, perpendicular diameter of individual adrenal gland) and the heart, liver, spleen weights (D) from the no-stress control group and the CRS group (\*\*\* P\<0.001, significantly different from the no-stress control group; n = 16--17, for each group, the mean ± SD is shown).](pone.0061435.g002){#pone-0061435-g002}

To assess the effects of CRS on sympatho-adrenal-medullary activity, we measured the size of both adrenal glands. In the animals inoculated with HT29 cells, the left adrenal glands of the CRS group were significantly larger than those of the control group (6.103±0.745 mm^2^ vs. 4.661±0.92 mm^2^, P\<0.001) ([Fig. 2C](#pone-0061435-g002){ref-type="fig"}). Similar results were also found for the right adrenal gland. The weight of the spleen was remarkably decreased in the CRS group, whereas CRS had no obvious effect on the heart and liver weights ([Fig. 2D](#pone-0061435-g002){ref-type="fig"}).

Effect of stress hormones on CRC growth in vivo {#s3c}
-----------------------------------------------

We have shown that CRS could promote CRC cell growth in vivo and stimulate the release of stress hormones. We then investigated if increased levels of stress hormones was responsible for the promotion of CRC cell growth in vivo. A previous study showed that chronic stress establishes favorable conditions for promoting tumor growth by SNS activation [@pone.0061435-Thaker2]. Because E was more persistently increased by CRS in our study ([Fig. 2A](#pone-0061435-g002){ref-type="fig"}), we investigated the effect of E on CRC growth in vivo. Different doses of E were applied using microosmotic pumps to examine the effect of E on tumor cell growth. Considering the prevalent use of HT29 cells in xenograft experiments and the similar responses to CRS between HT29 and SW116 cells ([Fig. 1](#pone-0061435-g001){ref-type="fig"}), we examined the effect of E on HT29 cell proliferation in nude mice.

Animals were treated with (1) control PBS, (2) E at 0.02 mg/kg, and (3) E at 2 mg/kg. Treatment began 4 d after the injection of HT29 cells. We found that the lower dose (0.02 mg/kg) was able to saturate the in vivo tumor-promoting effect of E ([Fig. 3A and B](#pone-0061435-g003){ref-type="fig"}), indicating that the level of E released in our CRS experiment was sufficiently high to induce tumor growth. Accordingly, immunohistochemical analyses of PCNA ([Fig. S1A](#pone.0061435.s001){ref-type="supplementary-material"}) and Ki-67 ([Fig. S2A](#pone.0061435.s002){ref-type="supplementary-material"}) revealed that E promoted HT29 cell proliferation in vivo. Together, these data suggest that the stress hormones induced by our CRS protocol could enhance CRC cell growth in vivo.

![Adrenergic activity in response to CRS promotes in vivo CRC growth.\
(A) HT29-inoculated mice were treated with PBS, 0.02 mg/kg E or 2 mg/kg E. The mean tumor weight of each treatment group was measured (\* P = 0.034, ^\#^ P = 0.043; n = 5--6; for each group, the mean ± SD of one of two experiments is shown). (B) Individual tumor weights of the three different treatment groups are also shown (n = 11; symbols represent individual mice).](pone.0061435.g003){#pone-0061435-g003}

Effect of stress hormones on the proliferation of CRC cells in vitro {#s3d}
--------------------------------------------------------------------

To validate the tumor-promoting effect of the stress hormones, we further tested the effect of hormones on cell proliferation in vitro. HT29, SW116 and LS174T cells were treated with various concentrations of the stress hormones E, NE or corticosterone (glucocorticoid in the murine), and the cell proliferation of all three cell lines was examined using the BrdU incorporation assay. We found that both E and NE markedly increased the proliferation of all three CRC cell lines in a dose-dependent manner ([Fig. 4](#pone-0061435-g004){ref-type="fig"}). However, no significant differences in proliferation were found when the tumor cells were cultured in the presence of corticosterone (CORT) at increasing concentrations ([Fig. S4](#pone.0061435.s004){ref-type="supplementary-material"}), indicating that E and NE were the stress hormones specifically associated with CRC growth. To further validate the growth-promoting effect of the stress hormones, we evaluated the impact of E and NE on the viability of all three CRC cell lines. The percentage of viable cells, as determined by the CCK-8 assay, was significantly increased in E- and NE-treated CRC cells in a dose-dependent manner when compared with the untreated control ([Fig. S5](#pone.0061435.s005){ref-type="supplementary-material"}).

![Effects of E or NE on CRC cells Proliferation.\
CRC HT29, SW116 and LS174T cell lines were treated with different concentrations of E or NE, as indicated for 24 h, respectively, cell proliferation was measured by BrdU incorporation assay, as described in the [Materials and Methods](#s2){ref-type="sec"} section. Data are expressed as mean ± SD of one representative of at least three experiments. HT29, (0.1 µM NE, \*\* P = 0.0011; \*\*\* P\<0.001, significantly different from the control group); SW116, (0.1 µM NE, \* P = 0.034; 1 µM NE, \* P = 0.034; 10 µM NE, \* P = 0.017; 0.1 µM E, \*\* P = 0.0037; 1 µM E, \* P = 0.030; 10 µM E, \* P = 0.023, significantly different from the control group); LS174T, (10 µM NE, \* P = 0.025; 0.1 µM E, \* P = 0.023; 1 µM E, \*\* P = 0.005; 10 µM E, \*\*\* P\<0.001, significantly different from the control group).](pone.0061435.g004){#pone-0061435-g004}

β-AR antagonists block stress hormone-induced CRC cell proliferation in vitro and in vivo {#s3e}
-----------------------------------------------------------------------------------------

E and NE, the major hormones released under stress conditions, can bind to specific α- or β-AR [@pone.0061435-Radojcic1], [@pone.0061435-Abrass1], [@pone.0061435-Zschauer1]. We investigated whether CRS-induced CRC growth is dependent on AR. To do so, we examined whether α- and β-AR antagonists can block the stimulatory effects of CRS on CRC growth in nude mice. We found that the nonselective α-AR antagonist (PHE) and β-AR antagonist (PRO) blocked CRS-induced tumor growth in vivo ([Fig. 5A and B](#pone-0061435-g005){ref-type="fig"}). Immunohistochemical staining for PCNA ([Fig. S1B](#pone.0061435.s001){ref-type="supplementary-material"}) and Ki-67 ([Fig. S2B](#pone.0061435.s002){ref-type="supplementary-material"}) further supported the antagonistic effect of PHE and PRO on CRS-induced tumor cell proliferation, indicating that CRS acted in an AR-dependent manner to induce CRC growth in vivo.

![E or NE-induced CRC cell proliferation is both α- and β-AR dependent.\
HT29-inoculated mice were treated with PBS or a combination of the α-AR antagonist PHE (2 mg/kg) and β-AR antagonist PRO (2 mg/kg) under CRS or no stress. The mean tumor weight (A) of each treatment group was measured (\* P = 0.038, ^\#^ P = 0.015; n = 11--12; for each group, the mean ± SD of two independent experiments is shown) and individual tumor weights (B) of the four different treatment groups are also shown (n = 11--12; symbols represent individual mice). HT29 (C) and SW116 cells (D) were pretreated with or without the α-AR antagonist PHE (50 µM) or β-AR antagonist PRO (50 µM) for 45 min before incubation with NE (10 µM) or E (10 µM). After 24 h, cell proliferation was measured by the BrdU incorporation assay, as described in the [Materials and Methods](#s2){ref-type="sec"} section. The data are expressed as the mean ± SD of triplicate or quadruplicate samples per treatment group from at least three independent experiments with similar results. (A) NE, (\*\* P = 0.007, ^\#^ P = 0.022); E, (\*\* P = 0.004, ^\#^ P = 0.043); (B) NE, (\* P = 0.034, ^\#\#^ P = 0.009); E, (\* P = 0.013, ^\#^ P = 0.032).](pone.0061435.g005){#pone-0061435-g005}

Because stress hormones can activate multiple β-AR subtypes, we investigated which β-AR subtype was involved in promoting tumor cell proliferation. We first examined the β1-AR, β2-AR and β3-AR mRNA and protein levels in the CRC cell lines. We were able to detect β1- and β2-AR mRNA expression in all CRC cell lines, while β3-AR was not detected in any cell line ([Fig. S6A](#pone.0061435.s006){ref-type="supplementary-material"}). The protein expression of β1-AR and β2-AR was also confirmed by Western blot in these cell lines ([Fig. S6B](#pone.0061435.s006){ref-type="supplementary-material"}).

To investigate the involvement of specific subtypes of AR in the stimulatory effect of the stress hormones on CRC cell proliferation in vitro, HT29 and SW116 cells were treated with E or NE in the presence of either PHE or PRO. We found that the stress hormones significantly induced cell proliferation and that the PRO treatment significantly reversed this effect in both HT29 ([Fig. 5C](#pone-0061435-g005){ref-type="fig"}) and SW116 cells ([Fig. 5D](#pone-0061435-g005){ref-type="fig"}). To address whether β-AR stimulation could promote tumor cell proliferation, HT29 and SW116 cells were treated with the β-AR agonist ISO at increasing concentrations. We found that the growth-promoting effect of ISO was saturated at 1 µM ([Fig. S7A](#pone.0061435.s007){ref-type="supplementary-material"}); thus, we applied the same dose in the subsequent experiments. We also found that β-AR blockade could reverse the effect of ISO ([Fig. S7B](#pone.0061435.s007){ref-type="supplementary-material"}).

In cell proliferation experiments, both the selective β1-AR antagonist ATE and β2-AR antagonist ICI significantly blocked E-induced cell proliferation ([Fig. 6A](#pone-0061435-g006){ref-type="fig"}), indicating the involvement of both β-AR subtypes in promoting tumor cell proliferation. These results were further validated by the in vivo experiments ([Fig. 6B and C](#pone-0061435-g006){ref-type="fig"}) and the immunostaining for PCNA ([Fig. S1C](#pone.0061435.s001){ref-type="supplementary-material"}) and Ki-67 ([Fig. S2C](#pone.0061435.s002){ref-type="supplementary-material"}).

![β-AR-mediated CRC cell proliferation and growth in mice.\
(A) HT29 cells were pretreated with the β1-AR antagonist ATE (50 µM) or β2-AR antagonist ICI (50 µM) for 45 min before incubation with E (10 µM). After 24 h, cell proliferation was measured by the BrdU incorporation assay, as described in the [Materials and Methods](#s2){ref-type="sec"} section. The data are expressed as the mean ± SD of triplicate or quadruplicate samples per treatment group from at least three independent experiments with similar results. (\*\* P = 0.001, ^\#^ P = 0.045, ^\$^ P = 0.013, ^§§^P = 0.006) (B) HT29-inoculated mice were treated with PBS (used as control), E (0.02 mg/kg), E plus ATE (5 mg/kg), or E plus ICI (5 mg/kg). The mean tumor weight of each group was measured at the end of the experiment (\* P = 0.02, ^\#^ P = 0.032; n = 8; means ± SDs are shown). (C) Individual tumor weights of each group are also shown (n = 8; symbols represent individual mice).](pone.0061435.g006){#pone-0061435-g006}

ERK1/2-specific inhibitor U0126 abolished the stimulatory effect of β-AR on cell proliferation {#s3f}
----------------------------------------------------------------------------------------------

To further understand the molecular mechanisms involved in β-AR-mediated tumor cell proliferation, we examined the role of ERK1/2 by treating cells with a specific ERK1/2 inhibitor U0126. Compared with the E-alone group, E+U0126 showed a significantly lower cell proliferation index, indicating a critical role of ERK1/2 in promoting CRC tumor cell growth ([Fig. 6A](#pone-0061435-g006){ref-type="fig"}). To demonstrate the effectiveness of U0126 in inhibiting β-AR-mediated cell proliferation, we directly stimulated β-AR with ISO and found that U0126 significantly reduced the effect of ISO ([Fig. S7C](#pone.0061435.s007){ref-type="supplementary-material"}).

β-AR antagonists abrogated E-induced hyperphosphorylation of ERK1/2 {#s3g}
-------------------------------------------------------------------

Previous studies have shown that ERK1/2 phosphorylation and the subsequent activation of downstream pathways might be involved in stimulating CRC cell proliferation [@pone.0061435-Souza1], [@pone.0061435-Tominaga1], [@pone.0061435-Shin1], [@pone.0061435-Calcagno1], [@pone.0061435-Haigis1]. We therefore determined whether the phosphorylation level of ERK1/2 in HT29 cells was increased upon E treatment and found that E significantly increased ERK1/2 phosphorylation, which was reversible by β1-AR, β2-AR and ERK1/2 antagonists. The total ERK1/2 expression was unaffected by any drug treatment in this study ([Fig. 7A](#pone-0061435-g007){ref-type="fig"}). The immunohistochemical staining results revealed that phosphorylation of ERK1/2 in the tumor tissues from the HT29-inoculated mice treated with E was significantly enhanced in comparison with the PBS control group ([Fig. 7B and C](#pone-0061435-g007){ref-type="fig"}). We also found that both the β1-AR selective antagonist ATE and the β2-AR selective antagonist ICI significantly decreased the effect of E on ERK1/2 phosphorylation ([Fig. 7B and C](#pone-0061435-g007){ref-type="fig"}).

![E-induced hyperphosphorylation of ERK1/2 can be abolished by β-AR antagonists.\
(A) HT29 cells were treated with E (10 µM) in the absence or presence of ATE (50 µM), ICI (50 µM) or U0126 (20 µM) for 45 min as indicated, and the cell lysates were homogenized for the immuno-detection of phos-ERK1/2 by Western blot. (B) HT29 tumor samples from the PBS (used as control), E (0.02 mg/kg), E plus ATE (5 mg/kg), and E plus ICI (5 mg/kg) treatments were immunohistochemically stained for phos-ERK1/2. The representative tumor sections are illustrated. (C) The quantified values represent the average immunostaining intensities of phos-ERK1/2 from at least five random fields under 400× magnification (scale bar, 50 µm). Under microscopy, a brown color indicates positive immunostaining (\*\* P = 0.002, ^\#^ P = 0.029, ^\$\$^ P = 0.005; mean ± SD are shown).](pone.0061435.g007){#pone-0061435-g007}

Discussion {#s4}
==========

Stressful experiences may be caused by physical stressors (such as pathogens and toxins) and psychological stressors (such as major life events, trauma, abuse, or factors related to the living environment). Short-term stress response is proposed to be beneficial for the adaptation of the organism, while long-term exposure to stress ultimately causes harm to the individual [@pone.0061435-McEwen1]. Chronic stress in both animals and humans has been shown to decrease cellular immune parameters [@pone.0061435-Glaser2], [@pone.0061435-Page1], [@pone.0061435-Lutgendorf1]. Stress has been suggested to play a central role in the incidence and progression of cancers. Available results show that exposure to chronic stress has specific effects on the immune system and concomitantly influences tumor growth and cancer cell functions [@pone.0061435-Antoni1], [@pone.0061435-Thaker2], [@pone.0061435-Lutgendorf1], [@pone.0061435-Andersen1].

A wide variety of stresses have been used to study the effects of stress on tumor biology. Exposure to stress conditions such as surgery has been shown to promote tumor growth [@pone.0061435-Lee1] and augment tumor development and metastasis in animal models [@pone.0061435-BenEliyahu1], [@pone.0061435-Tsuchiya1]. Recent evidence confirmed that both social isolation [@pone.0061435-Thaker2], [@pone.0061435-Liu1] and CRS [@pone.0061435-Thaker2], [@pone.0061435-ArmaizPena1], [@pone.0061435-Shahzad1] promoted tumor growth and progression. Furthermore, the CRS animal model has become the preferred choice for studying the effect of stress on tumor growth and progression. Stressors activate major neural pathways, the sympathetic nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) axis to release stress hormones [@pone.0061435-Glaser1], [@pone.0061435-Antoni1], [@pone.0061435-Thaker1]. Stress hormones might directly regulate the growth and metastatic potential of tumor cells, and this effect might be independent of the immune system [@pone.0061435-Thaker2]. In the present study, we investigated whether CRS-induced elevation of E and/or NE may increase CRC growth in nude mice.

Our results demonstrated that CRS significantly promoted CRC tumor growth in an experimental mouse model. The representative stress hormone E, when administered at 0.02 mg/kg (low dose) and 2 mg/kg (high dose; ∼40% of its LD~50~, [@pone.0061435-Basu1]), significantly enhanced HT29 cell growth in vivo when compared to the PBS treatment. In addition, a combination of α- and β-AR antagonists blocked the stimulatory effects of CRS on HT29 cell growth in mice, indicating the involvement of AR-dependent pathways. The in vivo results were consistent with our in vitro data showing that E/NE enhanced human CRC cell proliferation and viability through AR-dependent pathways. Together, our results provided strong support for the role of stress hormones in promoting CRC cell growth upon CRS stimulation.

The doses of E and NE used in the in vitro experiments reflect their physiological levels in tumors. Circulating plasma levels of catecholamines range from 10 to 1,000 pM in a normal individual and may reach 100 nM under conditions of stress [@pone.0061435-Schmidt1]. Moreover, studies suggest that the concentrations may reach as high as 10 µM in a tumor microenvironment, such as within the parenchyma of the ovary [@pone.0061435-Lara1], [@pone.0061435-Lara2]. In this study, we examined the effects of four different concentrations (0, 0.1 µM, 1 µM and 10 µM) to cover the entire range of possible physiological concentrations of stress hormones. Therefore, our CRS model was sufficient to test the effect of physiological stress on tumor growth.

Our CRS protocol (6 h stress) resulted in elevated E and NE levels in the plasma [@pone.0061435-Mravec1], [@pone.0061435-Wong2], reduced spleen weight [@pone.0061435-Steplewski1] and enlarged adrenal glands [@pone.0061435-Steplewski1], [@pone.0061435-Thaker2] compared with the no-stress control. All of these parameters confirmed the effectiveness and reliability of our CRS mouse model. In the present study, we did not observe any significant tumor-promoting effect when using a CRS protocol with a 3 h daily stress exposure (data not shown). Similarly, Wong et al. [@pone.0061435-Wong2] reported that restraint stress alone (1 h daily for 33 days) did not significantly promote CRC tumor growth in a similar xenograft model, while a combined exposure with cigarette smoke remarkably promoted tumor growth. Indeed, different levels of stress exposure could have different effects on cancer development [@pone.0061435-Leshan1]. Moreover, another recent study showed no significant correlation between chronic restraint stress in mice and the incidence and severity of oral squamous cell carcinoma (OSSC) [@pone.0061435-Rivera1]. Such differences in tumor response to stress might be due to the involvement of different immune components, the types of tumors investigated, the species of animals used, and/or the levels of stress produced. Thus, a better understanding of the molecular mechanisms that occur under different conditions will help to reconcile the variable relationships between stress and tumor development.

In addition to the catecholamines, glucocorticoid is also a type of classic stress hormone. In this experiment, we found that corticosterone did not markedly increase the proliferation of three CRC cell lines at any of the tested dose, suggesting that the HPA/glucocorticoid axis may not be implicated in CRS-mediated tumor growth. However, it should be noted that these findings do not rule out the possibility that other neuroendocrine signaling pathways might modulate tumor development under different circumstances. For example, stress can affect the hypothalamic-pituitary-thyroid axis [@pone.0061435-Frick1], the inhibitory effects of dopamine on VEGF activity [@pone.0061435-Basu1] and tumor growth [@pone.0061435-Basu1], [@pone.0061435-MorenoSmith1], [@pone.0061435-Teunis1].

Considering the critical role of stress in regulating tumor growth and the fact that stress hormones and their antagonists could be quickly metabolized, we used microosmotic pumps instead of repeated injection to administer the stress hormones and antagonists to reduce the stress response as much as possible during manipulations of the animals. Indeed, excessive surgical stress has been shown to augment cancer growth and metastasis [@pone.0061435-Lee1]. Therefore, a single application of the pumps in this study allowed us to minimize the potential side-effects on the experimental system due to surgery.

Our results suggested a prominent role of β-AR in cell proliferation, consistent with the reported growth inhibitory effects of β-AR blockade [@pone.0061435-Palm1], [@pone.0061435-Shahzad1], [@pone.0061435-Askari1], [@pone.0061435-Hasegawa1], [@pone.0061435-AlWadei1], [@pone.0061435-Shin2], [@pone.0061435-Zhang2], [@pone.0061435-Slotkin1], [@pone.0061435-Mikami1], [@pone.0061435-Schuller3]. We also observed that the positive effect of E on CRC cell proliferation was blocked by both β1- and β2-AR antagonists, which is consistent with certain previous findings [@pone.0061435-Wong1], [@pone.0061435-Shin1], [@pone.0061435-Wu1], [@pone.0061435-Wong3].

In our attempt to identify the downstream signaling pathways involved in AR-mediated tumor growth, we found that β1- and β2-AR antagonists blocked E-induced phosphorylation of ERK1/2. Indeed, it has been reported that activation of β-AR promoted cell proliferation, which was accompanied by ERK/MAPK pathway activation [@pone.0061435-Seya1], [@pone.0061435-Kim1], [@pone.0061435-Dhillon1], [@pone.0061435-Ruscica1]. Previous research also indicated an especially critical role of β2-AR in the activation of the ERK/MAPK signaling pathway [@pone.0061435-Palm1], [@pone.0061435-Wu1]. Therefore, we conclude that β-AR-mediated ERK1/2 activation could be one mechanism mediating CRS-induced cancer cell growth in vivo. Our results also suggest that β-AR blockade may be an effective preventive and therapeutic approach for patients with stress-related CRC.

Supporting Information {#s5}
======================

###### 

**Immunohistochemical staining for PCNA.** Immunohistochemical staining for PCNA was performed on (A) HT29 tumor samples from the PBS, 0.02 mg/kg E and 2 mg/kg E treatment groups; (B) HT29 tumor samples from the mice groups treated with PBS or PHE (α-AR antagonist) plus PRO (β-AR antagonist) under CRS or no stress; and (C) HT29 tumor samples from the mice groups treated with PBS, E (0.02 mg/kg), E plus ATE (β1-AR antagonist, 5 mg/kg), or E plus ICI (β2-AR antagonist, 5 mg/kg). Representative tumor sections (left upper panel) and high magnification images of selective portions (left lower panel) from each group are shown. The quantitative data in the graph correspond to the left-side images (right panel). Under microscopy, a dark brown color indicates strong positive immunostaining. Quantified values represent the average immunostaining intensities from at least five random fields of each slide from each tumor tissue, and three to five random tumor tissues from each treatment group are included (magnification: ×400). (Scale bar 50 µm). The data were mean ± SD. \* P\<0.05, significantly different from the PBS control group; ^\$\$^ P\<0.01 significantly different from the CRS group and ^\#^ P\<0.05, ^\#\#^ P\<0.01significantly different from the E-treated group.

(TIF)

###### 

Click here for additional data file.

###### 

**Immunohistochemical staining for Ki-67.** Immunohistochemical staining for ki-67 was performed on (A) HT29 tumor samples from PBS, 0.02 mg/kg and 2 mg/kg E treatment groups, (B) HT29 tumor samples from PBS, combination of α-AR antagonist PHE with β-AR antagonist PRO treatments under no-stress or CRS, respectively, and (C) HT29 tumor samples from PBS (used as control), E (0.02 mg/kg), E combined with β1-AR antagonist ATE (5 mg/kg), E combined with β2-AR antagonist ICI (5 mg/kg) treatments were subjected to immunohistochemical staining for Ki-67. Illustrated from each group were representative tumor sections (left panel). The quantitative data in the graph correspond to the left images were shown (right panel). Under microscopy, dark brown color indicates strong positive immunostaining. Quantified values shown were the average immunostaining intensity counted in at least five random fields of each slide from each tumor tissue, and three to five random tumor tissues from each treatment group were included, magnification (×400). (Scale bar 50 µm). The data were mean ± SD. \* P\<0.05, \*\* P\<0.01, significantly different from the no-stress control group; ^\$^ P\<0.05 significantly different from the CRS group and ^\#^ P\<0.05 significantly different from the E-treated group.

(TIF)

###### 

Click here for additional data file.

###### 

**Effect of CRS on body weight of mice.** After 1 week of habituation to the vivarium setting, mice subjected to the CRS group or no-stress control group were inoculated subcutaneously (s. c.) with CRC cells into the dorsal flank. Daily CRS was continued for an additional 21 d. Mice (n = 16--17 per group) were weighed and recorded every three days, as indicated. No obvious difference was found in body weight of mice between the CRS group and the no-stress control group.

(TIF)

###### 

Click here for additional data file.

###### 

**Effects of corticosterone on CRC cells proliferation.** CRC HT29, SW116 and LS174T cell lines were treated with different concentrations of corticosterone, as indicated for 24 h, respectively, cell proliferation was measured by BrdU incorporation assay, as described in the [materials and methods](#s2){ref-type="sec"} section. No significant difference was found in any cell line. Data are expressed as mean ± SD of one representative of at least three experiments.

(TIF)

###### 

Click here for additional data file.

###### 

**Effects of E or NE on CRC cells viability.** The CRC HT29, SW116 and LS174T cell lines were seeded in 96-well plates and cultured in the presence of different concentrations of E or NE for 24 h, as indicated. Cell viability was measured by CCK-8 assay, as described in the [Materials and Methods](#s2){ref-type="sec"} section. Both E and NE significantly promoted all three CRC cell lines survival in a dose-dependent manner. The results are expressed as mean ± SD of one representative of three independent experiments. \* P\<0.05, \*\* P\<0.01, \*\*\* P\<0.001 significantly different from the control group.

(TIF)

###### 

Click here for additional data file.

###### 

**Expression of β1- and β2-AR in CRC cell lines.** (A) RT-PCR was performed to determined β1-, β2-AR and β3-AR mRNA levels in CRC HT29, SW116 and LS174T cells. Representative RT-PCR assay were shown. (B) Lysates from CRC HT29, SW116 and LS174T cell lines using specific monoclonal antibody probed for β1-AR and polyclonal antibody probed for β2-AR. Both β1- and β2-AR protein expressed in CRC HT29, SW116 and LS174T cell lines by western blot analysis.

(TIF)

###### 

Click here for additional data file.

###### 

**Involvement of ERK1/2 in the β-AR-mediated CRC cells proliferation.** (A) HT29 (left panel) and SW116 cells (right panel) were treated with different concentrations of β-AR agonist ISO, as indicated for 24 h, respectively. Result of BrdU incorporation assays showed ISO remarkably induced both CRC cells proliferation at dose of 1 µM. Data are expressed as mean ± SD of one representative of three experiments. \* P\<0.05, \*\* P\<0.01 significantly different from the control group. (B) HT29 (left panel) and SW116 cells (middle panel) were pretreated with β-AR antagonist PRO, β1-AR antagonist ATE (50 µM) or β2-AR antagonist ICI (50 µM) for 45 min before incubation with β-AR agonist ISO (1 µM), respectively. After 24 h, cell proliferation was measured by BrdU incorporation assay, as described in the [materials and methods](#s2){ref-type="sec"} section. Data were expressed as mean ± SD of triplicate or quadruplicate samples per treatment group in at least three independent experiments with similar results. \* P\<0.05 significantly different from the control group and ^\#^ P\<0.05, ^\#\#^ P\<0.01, significantly different from the ISO-treated group, (C)HT29 cells were pretreated with or without ERK1/2 specific inhibitor U0126 (20 µM) for 45 min before incubation with ISO (1 µM). Results showed that ISO-induced cell proliferation was remarkably blocked by ERK1/2 specific inhibitor U0126. Data were expressed as mean ± SD of triplicate or quadruplicate samples per treatment group in at least three independent experiments with similar results. \* P\<0.05, significantly different from the control group and ^\#^ P\<0.05, significantly different from the ISO-treated group.

(TIF)

###### 

Click here for additional data file.
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